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a b s t r a c t 
Low-cost sensor arrays are required to allow for real-time, in-situ electrochemical monitoring using 
Internet-of-Things (IoT) systems; however, they are currently not practical due to a lack of stable, mass- 
producible reference electrodes. To solve this problem, in this work we have developed a screen-printed 
Ag/AgCl true reference electrode with an offset salt reservoir on a flexible substrate for use in dispos- 
able, low-cost sensor arrays. A KCl-containing poly(vinyl acetate) ink was prepared as the solid-state 
electrolyte, and a PDMS junction membrane was deposited to suppress electrolyte leaching. The poten- 
tials of the electrodes with and without the electrolyte and junction membranes were measured versus 
a commercial saturated calomel reference electrode (SCE) in 0.1 M K 2 SO 4 solution. Potential stability of 
−45.5 ± 3 mV vs. SCE with low drift was maintained for up to 27 days for electrodes containing both 
the electrolyte and PDMS layers, compared to less than 1 day without the PDMS junction. The electrodes 
were found to be stable in solutions at different pH and were also insensitive to most interfering ionic 
species, including SO 4 
2 −, I −, Br −, Cl −, F −, Li + , Na + , and K + , under continuous potential measurement with 
an impedance of ∼ 15 k Ω at 106 Hz. The results demonstrate that the present printed reference elec- 
trodes are stable for an extended period and therefore well suited for use in electroanalytical systems for 
high volume IoT applications. 
© 2021 The Authors. Published by Elsevier Ltd. 

































Over the past decade, the growth in Internet-of-Things (IoT) 
echnologies has brought the possibility of cheap and constant 
onitoring into a wider variety of natural and industrial environ- 
ents [1] . Electrochemical sensing is extremely useful in multi- 
le settings from environmental monitoring, to food and bever- 
ge quality control, and in medical devices. The development of 
eliable, low-cost new electrode technologies is necessary to fully 
ealize the potential for real-time, in-situ IoT systems across the 
ariety of electrochemical monitoring applications. Potentiometric 
nd voltammetric systems can be used to detect a variety of an- 
lytes quickly and accurately, for example by measuring key wa- 
er quality indicators such as pH and dissolved oxygen using ion- Abbreviations: IoT, Internet-of-Things; PVAc, Poly(vinyl acetate); EDS, Energy dis- 
ersive X-ray spectroscopy; SPRE, Screen printed reference electrode; AA, ascorbic 
cid; PP, Potassium permanganate. 
∗ Corresponding author at: VTT Technical Research Centre of Finland, P.O. Box 
0 0 0, FI-02044 VTT, Finland 








013-4686/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article uelective electrodes (ISEs) [ 2 , 3 ]. Systems based on ISEs require a 
table reference electrode (RE) to reliably measure changes in ISE 
otential. Silver-silver chloride (Ag/AgCl) electrodes are a common 
hoice due to their practical, simple, effective, and stable design 
4] . The Ag/AgCl electrode potential is highly sensitive to Cl − ion 
oncentration ([Cl −]), exhibiting a strong Nernstian response of 
59.16 mV/pCl. A traditional Ag/AgCl reference electrode, com- 
only contained in a glass tube, suppresses this behavior by im- 
ersing an AgCl-coated Ag wire in a potassium chloride (KCl) elec- 
rolyte of known constant concentration, which is separated from 
he analyte solution via a porous junction or membrane. Maintain- 
ng electrolyte [Cl −] around the Ag/AgCl electrode in this way en- 
ures the constant potential required for a stable reference elec- 
rode in the majority of solutions [5] . 
However, the fragile, rigid, and bulky construction of the tra- 
itional glass electrodes, as well as their high maintenance re- 
uirements, renders them unsuitable for many in-situ applications 
 6 , 7 ]. Thus, there has been significant interest in fabricating planar, 
ll-solid-state Ag/AgCl screen-printed reference electrodes (SPREs) 
s a replacement. Screen printing is an inherently low-cost con- 
truction technique due to the wide choice of substrates, minimal nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 






















































































































se of printing materials, and the scalability for mass-production 
ith minimal labor required [8–10] . The choice of and precise 
ontrol over both product dimensions and materials that is pos- 
ible through screen printing has meant that SPREs are expected 
o facilitate the development of commercially-viable rugged, ro- 
ust, flexible, portable, miniaturized, and disposable low-cost sen- 
ors suitable for in-situ measurement [11] . Due to the difficulty of 
onverting the electrolyte to a stable printable form, many SPREs 
abricated in the past have been Ag/AgCl pseudo-reference elec- 
rodes (pseudo-REs) without an internal electrolyte [ 9 , 12–14 ]. In 
ome voltammetric measurements precise control of the poten- 
ial from a RE is less crucial, and a pseudo-RE may be sufficient 
 15 , 16 ]. However, the high sensitivity and consequent potential in- 
tability of bare Ag/AgCl to [Cl −] and other interfering species ren- 
ers these pseudo-REs useful only under controlled or well-defined 
onditions and standard REs are often preferred in both potentio- 
etric and voltammetric measurements [ 5 , 16 , 17 ]. 
Therefore, recent developments have focused on fabricating re- 
iable Ag/AgCl SPREs incorporating an inner electrolyte layer to 
rovide constant ionic activity once hydrated. This concept is 
ommonly used in all-solid-state REs to excellent effect, and of- 
en involves a UV-cured cross-linked [18–20] or injection molded 
21] poly(vinyl acetate) (PVAc) and KCl mixture, or pure KCl melt 
22] . These materials are yet to be translated to a printed medium. 
n previous work, a printed inner electrolyte layer has been made 
rom a paste typically containing KCl powder mixed with a glass 
 7 , 23 ], gel [ 8 , 24–26 ], or polymer-based composite [ 13 , 27 , 28 ], al-
hough conductive polymers [29] , ionic liquids [30] , and charge- 
alanced lipophilic salts [31] have also been investigated. In each 
f these previous studies, the electrolyte layer extended the elec- 
rode lifetime and reduced cross-sensitivity, especially where Cl −
as absent from the analyte solution. However, leaching of the 
mall electrolyte reserve around the Ag/AgCl layer to surrounding 
olution can induce electrode potential drift and eventual failure as 
he internal [Cl −] is locally depleted [32] . An additional study by 
lanc et al. [28] further reduced [Cl −] susceptibility by overprint- 
ng a secondary electrolyte layer, emulating the traditional, stable 
ouble-junction RE. 
Separation of the inner electrolyte from the analyte solution 
ia a liquid junction has been found to increase Cl − retention 
28] , resulting in lower drift rates and longer lifetimes than elec- 
rodes without this component [9] . Shitanda et al. [27] incorpo- 
ated a printed channel of poly(dimethyl siloxane) (PDMS) and 
oly(ethylene glycol) emulsion as a liquid junction, achieving elec- 
rode lifetimes beyond 70 days; however, this additional barrier in- 
reased the hydration time required to obtain a stable potential. 
ubsequent investigation into the dual-use of a porous paper sub- 
trate as both liquid junction and electrolyte reservoir reduced the 
ydration time to 1 min, albeit with a much shorter lifetime of 3 
ays [33] . Recently, Komoda et al. [24] achieved hydration in 3 min 
hilst maintaining a reasonable lifetime of 21 days by using a liq- 
id junction consisting of a silica gel and poly(vinylidene difluo- 
ide) mixture. There are few examples of SPREs with long, stable 
ifetimes, and very little research into their viability in a range of 
hemical environments. 
This paper presents a flexible, low-cost SPRE with a simple con- 
truction ( Fig. 1 ). Electrodes were fabricated on PET substrates us- 
ng screen printing, and consist of (1) a printed electrolyte layer 
ontaining KCl and PVAc over the Ag/AgCl layer, which functions 
s both a conducting and sensing layer, (2) a PDMS membrane act- 
ng as a liquid junction, and (3) a dielectric protective coating. The 
g/AgCl sensing layer and the working area as defined by the di- 
lectric coating were offset, with the electrolyte and junction lay- 
rs in between, creating an extended reservoir to encourage con- 
tant Cl − saturation around the sensing layer. The overall design 
s similar to those presented by Glanc et al. [28] but is differenti- 2 ted from previous work by the offset between the sensing layer 
nd working area, whereas the electrodes reported by Glanc et al. 
28] had the junction and electrolyte layers directly over the sens- 
ng layer, and those reported by the research group of Shitanda 
 24 , 27 , 33 ] had a junction channel in contact with both the elec-
rolyte and sensing layers. The lifetimes achievable with this con- 
truction, as well as the cross-sensitivity of the developed elec- 
rode to halogen, alkali, and sulfate ions as well as various redox 
pecies and pH environments, are investigated. 
. Materials and methods 
.1. Materials 
Silver-silver chloride (Ag/AgCl) ink (124–36) and solvent- 
esistant dielectric ink (118–08) were purchased from Creative Ma- 
erials Inc. (USA). Polydimethylsiloxane (PDMS) Sylgard 184 Elas- 
omer Kit was purchased from Dow Corning. Polyethylene tereph- 
halate (PET) film was purchased from Vic Plastics (AUS). For 
he electrolyte ink, potassium chloride (KCl) was purchased from 
erck (min. assay 99.5%), poly(vinyl acetate) (PVAc, 1,0 0,0 0 0 MW) 
rom Aldrich, and analytical grade acetone from Merck. pH buffers 
sed in electrode testing were purchased from Merck. Ultrapure 
ater obtained from a Millipore Milli-Q purification system was 
sed throughout this work. 
.2. Ink preparation 
The KCl crystals were ring milled for 30 s to create a fine pow- 
er. The electrolyte ink (KCl/PVAc) was then prepared by mixing 
5 g KCl powder, 7.5 g PVAc, and 25 mL acetone using a magnetic 
tirrer overnight. All commercial inks were prepared according to 
he manufacturer’s instructions. 
.3. Electrode fabrication 
The electrodes were fabricated by standard screen-printing 
echniques using a semi-automatic screen printer (Devil Label 
rinter, TAS International, AUS) and stainless-steel mesh screens. 
irst, the Ag/AgCl layer (5 × 47 mm) was printed onto the 125 μm 
hick PET substrate and cured for 30 min at 100 °C. Next, the 
Cl/PVAc ink was printed (7 × 45 mm); as described below, this 
ayer was printed either two or four times to test the effect of elec- 
rolyte thickness on performance, and was air-dried for 15 min at 
oom temperature between prints. Subsequently, the PDMS mem- 
rane layer (7 × 45 mm) was printed and cured at 100 °C for 
5 min. Finally, the dielectric insulating layer (10 × 50 mm, with 
 5 × 5 mm window exposing the underlying layers) was printed 
nd cured at 100 °C for 1 h. Both the PDMS membrane layer and 
he dielectric layer were printed and cured twice to ensure full 
overage of the electrode surface. The position of the dielectric 
ayer window was offset such that it began at the edge of the 
g/AgCl layer ( Fig. 1 ) to create an electrolyte reservoir between the 
nalyte and the Ag/AgCl layer. Each print batch manufactured 12 
lectrodes simultaneously onto the substrate sheet. 
Electrodes with various layer structures were manufactured for 
ifetime comparative testing. Each structure retained the Ag/AgCl 
nd dielectric layers as described above, with the pseudo-reference 
lectrode (0N) containing these layers only. Electrodes were also 
repared with the KCl/PVAc electrolyte layer printed either two 
2N) or four (4N) times and no PDMS layer, or with two (2P) or 
our (4P) electrolyte prints and a PDMS layer. The structure of the 
P electrode is illustrated in Fig. 1 as an example; images of the 
lectrode at each step of fabrication and the completed electrode 
re shown in Supplementary Information (Fig. S1). 
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.4. Performance testing and electrode characterization 
.4.1. Lifetime testing 
Open circuit potential (OCP) was used to compare the lifetime, 
tability, and reproducibility of the different SPRE structures. Five 
eplicates of each electrode design (0N, 2N, 4N, 2P, 4P) from the 
ame print batch were tested, and replicate sets from additional 
rint batches were also tested for the 4N and 4P designs (4Nr, 
Pr). OCP was measured at 25 °C in a 0.1 M K 2 SO 4 analyte solution
hich was replaced every 7 days (Test 1). During the repeated ex- 
eriment (Test 2) the solution was not replaced, and instead fresh 
olution was added after ∼2 months to compensate for evapora- 
ion of the analyte. The experiment was set-up in a two-electrode 
ystem, with the SPRE as the working electrode (WE) and a satu- 
ated calomel electrode (SCE) (1001 Series SCE, Koslow) as the RE. 
easurements were made using a Keysight 34972A LXI Data Log- 
er Switch Unit with a 34901A Multiplexer. The electrodes were 
ttached to wire leads using RS PRO Silver Conductive Adhesive 
poxy and the connection points, which were not immersed in the 
nalyte solutions, were protected using a stop-off lacquer (Fortolac, 
mi-Con). All potential values are reported against SCE. 
.4.2. Interference testing 
Interference testing was undertaken to determine the stability 
f the 4P-SPRE electrodes in different solutions. The suppliers and 
urities of the materials used throughout the experiments are doc- 
mented in Table S1. For the alkali tests, 0.1 M solutions of K 2 SO 4 ,
a 2 SO 4 , and Li 2 SO 4 ·H 2 O were prepared, and 0.1 M solutions of KI,
Br, KCl, and KF were used for the halogen ion test. For the redox 
est, 0.1 M and 0.01 M solutions of ascorbic acid and KMnO 4 were 
repared. In addition, performance was also measured in solutions 
f H 2 O 2 at 0.01 M, 0.1 M, and 1 M in 0.1 M K 2 SO 4 . Solutions of 10%
/v KOH and 10% v/v H 2 SO 4 were made for the acid/base test; the
lectrodes were placed in 0.1 M K 2 SO 4 in between testing in these 
trong acid and base solutions to minimize neutralization reaction 
ffects. For the pH test, buffers at pH 4, pH 7, and pH 10 were
sed. For testing sensitivity to Cl − and SO 4 2 −, KCl solutions at con- 
entrations of 0.001 M, 0.01 M, 0.1 M, 1 M, and saturated ( ∼3.4 M)
nd K 2 SO 4 solutions at 0.1 M, 0.2 M, 0.4 M, and saturated ( ∼0.7 M)
ere prepared. 
For each interference test, a set of five SPRE replicates was 
laced in the solutions sequentially, with a period of 1–6 days 3 n each solution. For the alkali solutions, an experiment which 
eversed the testing order for the solutions was also performed. 
ll tests started with a fresh SPRE set, except the KCl concentra- 
ion and H 2 O 2 tests which used SPREs from the ‘reverse’ alkali 
nd redox tests, respectively. The pH, H 2 O 2 , and KCl concentration 
ests were continued to the point of electrode failure (in pH 4 or 
.1 M K 2 SO 4 solutions, respectively, once interference data collec- 
ion was complete); the remaining tests were stopped once testing 
as completed satisfactorily in all solutions. All tests were under- 
aken at 25 °C in approximately 60 mL of solution. 
Electrode impedance and OCP were measured for the inter- 
erence tests using a multi-channel potentiostat (BioLogic VMP3, 
roDigitek, AUS). The SPREs, once connected to leads as described 
n Section 2.4.1 , were used as WEs in a three-electrode system 
longside a platinum wire counter electrode (CE) and SCE RE. 
Due to the extended nature of testing, which lasted for up to 
0 days, occasional maintenance, connection, and hardware issues 
esulted in missing or incomplete data, which has been removed 
rom subsequent analysis. 
.4.3. Structural morphology and composition 
The cross-sectional structures and chemical compositions of the 
P and 4Pr electrodes were analyzed both prior to lifetime testing 
nd post-failure. Sample preparation involved cutting and mount- 
ng in epoxy, polishing using an oil-based suspension to minimize 
Cl dissolution, and finally vacuum coating with carbon (BOC Ed- 
ards Auto 306). A scanning electron microscope (SEM) equipped 
ith an energy dispersive X-ray spectroscope was used (FEI Quanta 
00 F). 
.5. Application testing 
.5.1. Stability in real solutions 
The long-term stability of the 4P SPRE was tested in three rep- 
esentative samples – tap water, creek water, and coffee. Each test 
easured OCP via a potentiostat (BioLogic VMP3) using a three- 
lectrode system. Three 4P SPRE replicates were tested as the WEs 
ith a platinum CE and SCE RE in each of the chosen solutions. 
he coffee solution was replaced on Day 16, and all tests were ter- 
inated after 30 days. 
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Fig. 2. SEM cross-sectional images of 4Pr (i) prior to, and (ii) post lifetime testing in 0.1 M K 2 SO 4 solution: (a) PET substrate, (b) Ag/AgCl layer, (c) KCl/PVAc electrolyte layer, 











































































.5.2. pH probe tests 
Potential measurements were conducted via a potentiostat (bi- 
logical VMP3) using a two-electrode system involving a commer- 
ial glass pH electrode (InLab Expert Go-ISM, Mettler Toledo) as 
 WE and a 4P SPRE as an external RE, which had been precon-
itioned for 2 h in 0.1 M KCl. The potential measurements were 
erformed for 5 min at ambient temperature in each of eight pH 
uffers (pH 1, 2, 3, 4, 7, 8, 9, 10) in ascending and descending (re-
erse) order to establish a calibration curve. This calibration curve 
as used to determine the pH of six representative samples – tap 
ater, carbonated tap water, creek water, coffee, milk, and orange 
uice samples. For comparison, the pH of the six samples was also 
easured using the glass pH probe and its internal reference elec- 
rode via a pH meter (SevenGo Duo Pro, Mettler Toledo). 
.5.3. Cyclic voltammetry 
A PalmSens3 potentiostat (PalmSens) controlled by PSTrace 5.5 
oftware was used to perform cyclic voltammetry measurements 
ith a standard three-electrode configuration. The 1 mm glassy 
arbon disk (ET074, eDAQ) WE was measured against a SCE or a 4P 
PRE using a platinum wire as CE. Prior to use, the WE was pol-
shed on a PSU-MM polishing pad (Kemet) using 6-KD-C3 diamond 
aste (Kemet), then rinsed with ethanol and dried. All voltammo- 
rams were performed in a 2 mM [Ru(NH 3 ) 6 ]Cl 3 solution contain- 
ng a 0.1 M KNO 3 supporting electrolyte, with scan rates of 10 to 
00 mV/s. 
. Results and discussion 
.1. Structural characterization 
SEM was used to analyze the printed layers and determine their 
hicknesses. Both the 4P and 4Pr samples imaged were similar, and 
he SEM images for 4Pr are shown in Fig. 2 . The thicknesses of the
lectrolyte and PDMS layers varied significantly across each sample 
ue to the coarseness of the KCl crystals, which comprised 34% v/v 
f the electrolyte layer and range from < 2 to 75 μm in diameter 
 Fig. 2 (i)). The ‘valleys’ between the KCl particles are subsequently 
lled by the liquid PDMS, leaving a relatively smooth surface at 
he top of the PDMS layer. The PDMS layer also appears to have 
etained a substantial amount of microcavities from the printing 
rocess. 
The total thickness of ∼224 μm for all the printed layers is sub- 
tantially greater than in previous studies [ 24 , 27 , 28 ], despite sim-4 lar print dimensions, due to the repeat prints and larger screen 
esh size used in this study. The observed thickness was reduced 
o 202 μm ( Fig. 2 (ii)) post-failure (after 50 days in 0.1 M K 2 SO 4 ).
he majority of this change occurred within the electrolyte layer 
nd is attributed to the KCl particles leaching and dissolving into 
olution, creating voids (evident in Fig. 2 (ii)) which later collapsed. 
nergy-dispersive X-ray spectroscopy (EDS) analysis also indicated 
n absence of K and Cl in the electrolyte layer post-failure, while 
he composition of the other layers remained unchanged (Figs. S2–
). 
.2. Lifetime testing 
The performance of SPREs with different structures was com- 
ared over their lifetimes through OCP measurement in 0.1 M 
 2 SO 4 . Five replicates of each electrode design (0N, 2N, 4N, 2P, 
P) were tested alongside replicates from separate 4N and 4P print 
atches, denoted by ’r’; the electrodes were not conditioned prior 
o measurement. Test 2 included the 0N, 4N, 2P, 4P, and 4Pr elec- 
rodes only. 
Hydration time was defined as the time taken for the electrode 
otential to stabilize at −45 ± 5 mV vs. SCE. Similarly, failure was 
efined as the point where the electrode potential drifted beyond 
45 ± 5 mV vs. SCE, which is the common stability range for com- 
ercial REs applied in electroanalytical applications. Short excur- 
ions outside this range were not considered failure if the poten- 
ial returned to and stabilized in the accepted range within 24 h. 
able 1 shows a summary of electrode performance. Fig. 3 shows 
he operational potential for the tested SPREs averaged over the 
eplicates tested. The failure time for each replicate is indicated 
n Fig. 3 ; the electrodes were excluded from the average potential 
nce they were considered to have failed. 
The ‘bare’ pseudo-REs (0N) did not reach the theoretical poten- 
ial of −45 mV vs. SCE for Ag/AgCl at any time during the test, 
nstead stabilizing at 114 ± 36 mV vs. SCE within 15 h. A sim- 
lar result was obtained for the SPREs fabricated with two elec- 
rolyte print layers (2N), which stabilized within the first 15 h at 
8 ± 44 mV vs. SCE and never reached −45 mV vs. SCE. The addi- 
ion of two further electrolyte print layers in the 4N and 4Nr elec- 
rodes did allow potential stabilization a t −45 mV vs. SCE, with 
ifetimes in Test 1 of less than 15 h for 4N and up to 16.5 h for
Nr samples. More frequent sampling in the early stages of Test 2 
evealed that the 4N electrodes reached hydration within 2 min 
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Table 1 
Comparison of OCP response for various electrode structures. All values are given as sample mean ( ̄x ) ± standard deviation ( σ ) for the batch of n replicate electrodes, 
except potential drift which uses standard error, for the combined results from Tests 1 to 2. Additional information is included in Table S2. ̂  Test 2 only ̂ ^ Test 1 only ∗Data 
only reported for 8 electrodes, as 2 outliers (Test 2) were excluded from the analysis. 
Type Electrode structure n Working potential (mV vs. SCE) Hydration time ̂ (min) Potential drift (mV/day) Lifetime (days) 
0N Ag/AgClDielectric 10 – – – < 0.01 
2N Ag/AgCl, 2 × electrolyte, Dielectric 5 – – – < 0.63 
4N Ag/AgCl, 4 × electrolyte, Dielectric 5 ̂ −47.29 ± 2.51 1.23 ± 0.37 97.38 ± 11.28 0.05 ± 0.02 
4Nr Ag/AgCl, 4 × electrolyte, Dielectric 2 ̂^ −40.82 ± 0.43 – 18.92 ± 4.58 ∼ 0.63 
2P Ag/AgCl, 2 × electrolyte, PDMS, Dielectric 10 −45.67 ± 1.61 9.55 ± 4.47 0.172 ± 0.002 15.43 ± 3.05 
4P Ag/AgCl, 4 × electrolyte, PDMS, Dielectric 10 −45.95 ± 2.58 13.44 ± 11.11 0.254 ± 0.003 15.83 ± 2.62 
4Pr Ag/AgCl, 4 × electrolyte, PDMS, Dielectric 8 ∗ −45.29 ± 2.64 38.22 ± 37.86 0.047 ± 0.002 27.09 ± 6.78 
Fig. 3. Average electrode potential (E) over the operational electrode lifetime during 
OCP measurements for the batch of replicate electrodes of each type: (a) Test 1, 
(b) Test 2. Arrows (  ) represent the failure times for each electrode. Dotted red 
lines at −40 mV and −50 mV vs. SCE indicate the failure conditions used in this 
study. Hydration curves are not shown for clarity, and individual electrode data was 
excluded after failure. Data was not recorded during the first 15 h of Test 1 (a). 
An excursion in electrode potential (to + 31 mV) was seen for one 4Pr sample in 
Test 1, which stabilised again inside the operational range (-45 ± 5 mV vs. SCE) 
within 2 days; this is thought to have originated from a surface bubble and was 
























































t −49.8 ± 5.0 mV vs. SCE and continued working for another 
.2 ± 0.4 h prior to considerable drift (97.4 mV/day) indicating fail- 
re. 
Significantly, long lifetimes of 15–27 days and low drift rates 
0.25–0.05 mV/day) were observed for all electrodes with a PDMS 5 unction over the electrolyte layer ( i.e . the ‘P’-type SPREs: 2P, 4P, 
Pr) ( Table 1 ). The 4Pr samples displayed the lowest potential vari- 
bility prior to failure out of all samples tested, and a considerably 
ower drift rate (0.05 mV/day) compared to the previously reported 
owest rate of 4.8 mV/day [9] for fully screen-printed Ag/AgCl REs 
 23 , 34 ]. While the addition of a barrier between the electrolyte 
nd analyte has been known to increase the lifetime of a SPRE, 
his often comes at the expense of an extended hydration time. 
espite the hydration time being extended by the PDMS junction 
ayer, it remains short (10–40 min) relative to the operational SPRE 
ifetimes reported here, as well as among previous studies demon- 
trating long lifetimes [ 23 , 27 , 28 , 30 ] over a period of days to weeks.
Throughout both tests it became apparent that electrode drift 
or the ‘P’-type SPREs fell into two distinct sections, with apprecia- 
ly higher drift rates over the initial 3 to 4 days ( i.e . 1.49 mV/day
or 4Pr, Fig. 3 ), following which the drift rate reduced markedly 
or the remainder of their lifetimes ( i.e . to 0.02 mV/day for 4Pr). 
his suggests that an additional, more subtle hydration equilibra- 
ion process is completed over the first 3 to 4 days in solution, 
hich affects the SPRE potential during continued minor dilution 
n the electrolyte layer. 
Characteristically, failure of all tested SPREs began with a sud- 
en rise in potential which creates a ‘ramp’ in the batch average in 
ig. 3 , consistent with the Nernstian response of Ag/AgCl upon lo- 
al [ Cl −] dilution. KCl particle loss was demonstrated as the biggest 
ompositional change through post-failure SEM and EDS analysis 
 Fig. 2 and Figs. S2–4), further supporting consistent KCl loss un- 
il complete depletion as the likely cause of electrode failure, with 
ubsequent exposure to [ Cl −] variations destabilizing the under- 
ying Ag/AgCl (evidenced by the sudden changes in potential of 
he ‘N’-type electrodes that were observed when the analyte so- 
ution was replaced weekly in Test 1). According to the results, the 
ydrophobic PDMS layer on top of the KCl-PVAc composite layer 
‘P’-type electrodes) can reduce electrolyte loss and improve the 
ifetime and potential stability of the electrode. Although PDMS is 
oderately hydrophobic and acts to restrict the passage of water 
olecules, it remains slightly permeable to water (diffusion coef- 
cient 2 × 10 −9 m 2 /s) [35] . The combination of this slight perme- 
bility with the microcavities in the PDMS layer observed by SEM 
nalysis ( Fig. 2 ) provides sufficient diffusion pathways through the 
DMS membrane for ion exchange, completing the electrochemi- 
al cell while retaining a physical and chemical barrier minimising 
l − loss [36] . This effect is further strengthened by the presence 
f an electrolyte reservoir between the Ag/AgCl layer and analyte 
olution, created by offsetting the working area and the Ag/AgCl 
ayer, which works with the overlying PDMS junction membrane 
o ensure a constant electrolyte concentration to maintain poten- 
ial stability. In further support of this, the potentials of the ‘P’- 
ype electrodes were not significantly affected by weekly solution 
hanges in Test 1 (in contrast to the ‘N’-type electrodes), which can 
e attributed to the PDMS layer and the offset electrolyte reservoir 
lowing KCl leaching, ensuring a constant [Cl −] and hence elec- 
rode potential despite changes in the analyte composition. Further 

























































































































ork is required to determine the effect of any undesired biofoul- 
ng due to the hydrophobic PDMS surface [37] . 
Many previous studies have reported electrode lifetime as the 
perational time during which the potential drifted by no more 
han 30 mV, as defined by Shitanda et al. [27] . Using this defini-
ion (i.e. potential maintained within −45 ± 30 mV vs. SCE), the 
ean SPRE lifetimes in this study would be greater than 37 days 
or the 4P-type electrodes and 29 days for 2P, with 60% of the ‘P’- 
ype electrodes in Test 2 considered operational even at the ter- 
ination of data collection (70 days). This places both the 2P and 
Pr SPREs among the longest lifetimes reported in the literature for 
hick-film Ag/AgCl REs [ 12 , 23–25 , 27 , 30 , 38 ]. Even using the tighter
olerance on potential drift of ± 5 mV, which is more appropri- 
te for practical electroanalytical applications, the stable lifetimes 
s reported here are similar to those reported in leading studies. 
t should be noted that in Test 2, in which the analyte solution 
as not replaced during the ∼2 month test period but was simply 
opped up as required to compensate for evaporation of the ana- 
yte, the change in solution concentration due to complete KCl salt 
eaching is estimated to be < 0.025 M KCl in 0.1 M K 2 SO 4 , which
ould have a negligible effect on the SPRE potential and hence the 
valuated lifetime. 
Overall, for the electrode structure reported here, translating 
he high-performing PVAc and KCl matrix from previous all-solid- 
tate REs to a screen-printed PVAc-KCl composite layer, improves 
he lifetime and the potential stability of the electrodes by pro- 
iding a constant [Cl −] environment. This effect was enhanced 
hrough offsetting the electrode working area, which creates an 
lectrolyte reservoir ‘buffer’ between the analyte and the sensing 
ayer. The addition of the PDMS layer further reduces KCl loss from 
he offset electrolyte reservoir as well as ion diffusion from the an- 
lyte into the reference electrode, further improving the SPRE per- 
ormance. 
.3. Interference testing 
.3.1. Interference species 
To determine the SPRE response to various interfering species, 
ultiple tests were carried out for three species types, with each 
est using a fresh batch of five 4P electrodes: (1) substitutional 
alide and alkali ion species, (2) strong redox agents, and (3) acids 
nd bases. The electrodes were tested for a minimum of 1 day un- 
er each interference condition. The results are shown in Fig. 4 , 
ith additional information in Table S3. 
In the substitutional halide ion test involving I −, Br −, Cl −, and
 
− ( Fig. 4 (i), Fig. S5), the difference in potential exhibited by the 
PREs across the anionic species was minor ( < ± 1 mV) and 
ithin the operational potential range ( i.e . −45 ± 5 mV vs. SCE). 
n contrast, previous studies [ 9 , 30 , 31 ] have demonstrated a moder-
te sensitivity to Br − of up to ± 8 mV for thick-film REs without 
 junction layer, which further highlights the effectiveness of this 
ayer. 
The alkali ion tests, involving K + , Na + , and Li + , were done in
oth a ‘forward’ ( Fig. 4 (ii)) and ‘reverse’ (i.e. Li + , then Na + and K + )
 Fig. 4 (iii)) order, using fresh SPREs in each case. The ‘reverse’ test 
as to confirm whether the minor potential drift evident in fresh 
lectrodes over the initial 3–5 days of use, across multiple condi- 
ions, was due to inherent electrode processes or an artefact of the 
esting order of the investigated species. A positive drift was seen 
hroughout the initial few days regardless of the order of species 
ested (1.9 mV/day for the ‘forwards’ test vs. 0.5 mV/day for the 
reverse’ test), reinforcing that this drift is attributed to dilution 
pon progressive hydration of the electrolyte layer. The effect of 
pecies interference was difficult to isolate from this initial ∼4 day 
ilution process, however any potential change between the alkali 
pecies was relatively low in both the ‘forwards’ and ‘reverse’ tests 6  < ± 3 mV and ± 1 mV change, respectively) and similar to the 
otential fluctuation observed in the SCE over the same period ( ±
 mV). Slight drifting of the potential outside of the operational 
ange (-45 ± 5 mV vs. SCE) by under 3.5 mV during the ‘forwards’ 
lkali test ( Fig. 4 (ii)), and its recovery soon after, was likely influ- 
nced by the SCE potential fluctuation mentioned above and is not 
onsidered SPRE failure. 
In the redox test, one reductant (ascorbic acid) and two oxidant 
KMnO 4 and H 2 O 2 ) species were used ( Fig. 4 (viii) and (ix)) with
 double junction for SCE stability. Initially, SPREs were tested al- 
ernately in ascorbic acid and KMnO 4 at 0.1 M and then 0.01 M, 
ollowed by testing in H 2 O 2 (in a conductive 0.1 M K 2 SO 4 support
olution) at 0.01 M, 0.1 M, and 1 M. The formation of dark brown, 
learly visible KMnO 4 -related precipitates appeared to have a large 
mpact on potential ( −110 mV vs. SCE in the 0.1 M solution) by 
logging the electrode and causing sluggish behavior [39] , although 
urther work is required to determine the mechanisms involved. 
 2 O 2 showed negligible effect on potential but caused significant 
oise at high concentrations, possibly due to bubbles formed upon 
 2 O 2 decomposition insulating the electrode surface and disrupt- 
ng ionic exchange across the junction membrane. Therefore, we 
an conclude that specific oxidation by-products can have pro- 
ounced effects on SPRE potential, and that the effects differ de- 
ending on the oxidant or by-product involved, in line with previ- 
us reports [ 30 , 31 ]. Consistent with Tymecki et al. [9] , reductants
ad less effect on electrode potential, with the electrode potential 
n ascorbic acid being within the expected range in the initial test 
nd returning to it after exposure of the electrodes to KMnO 4 (al- 
eit slowly after the second, longer exposure to KMnO 4 ). 
The SPRE electrodes were also tested for stability at pH 4, pH 
, and pH 10 in both increasing and decreasing order ( Fig. 4 (vi)),
ith only minor changes in the SPRE potential of +0.29 mV/pH, 
ompared to previous studies ( ±5 mV/pH [28] , −3 mV/pH [40] ), 
lthough there were some brief spikes in potential at pH 10. 
To determine SPRE responses in extreme basic and acidic en- 
ironments, testing was done in 10% solutions of KOH and H 2 SO 4 
alternated with 0.1 M K 2 SO 4 to minimize neutralisation reaction 
ffects), with a double junction employed to improve SCE sta- 
ility. The SPREs demonstrated some sensitivity to both species 
 Fig. 4 (vii)), with potentials of −39.4 ± 2.4 mV vs. SCE for KOH 
nd −53.5 ± 7.9 mV vs. SCE for H 2 SO 4 ; the variation from the ex-
ected range of −45 ± 5 mV vs. SCE is small considering the high 
oncentrations investigated. 
Hydration times for fresh SPREs across these tests varied be- 
ween 1 min and 2 h, which is consistent with the results for 
he same 4P electrodes in the lifetime tests ( Table 1 ), and rea-
onably short relative to the SPRE lifetimes demonstrated in this 
tudy. Similarly consistent with the lifetime tests ( Section 3.2 ), the 
ilution-induced positive drift (of < 2 mV/day) was again observed 
uring the initial 3–5 days of most tests, except where large poten- 
ial changes in the acid/base and redox tests obscured such subtle 
rocesses. 
The pH and redox/H 2 O 2 tests were continued until electrode 
ailure (Figs. S7–8) using the criterion defined for lifetime testing 
-45 ± 5 mV, Section 3.2 ). Electrode lifetimes of 26.0 ± 3.1 days 
ere achieved at pH 4 prior to permanent potential drift, and one 
lectrode from the redox/H 2 O 2 test reached a lifetime of 91 days 
fter being placed in 0.1 M K 2 SO 4 (average 76.4 ± 12.5 days), de- 
pite significant interference from the redox species, which is the 
ongest measured lifetime in this work. It is noteworthy that these 
esults are consistent with those from the lifetime tests despite the 
ast differences in testing conditions. 
.3.2. Concentration effects 
The effect of chloride interference was investigated for [Cl −] 
rom 10 −3 M to saturated ( ∼3.4 M) KCl using SPREs from the ’re- 
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Fig. 4. Electrode potential responses of the SPREs during the initial 9 days of interference species tests; 5 replicate samples were tested for each species. Fresh electrodes 
were used in all but (iv) and (ix), which used the same electrodes as (iii) and (viii), respectively. Two SPREs failed to recover upon rehydration after exposure to KMnO 4 , so 
only three electrodes were tested in H 2 O 2 . The dark solid lines represent the mean potentials, while the surrounding shaded regions indicate the potential range within one 
standard deviation ( σ ) of the mean. The dotted red line is displayed for clarity and indicates the theoretical Ag/AgCl/KCl RE potential of −45 mV vs. SCE. Gaps in the data 
are due to software or connection issues. Three electrodes in the first day of KOH testing (vii) were affected by physical disturbance of the test set-up, and the resultant 














































erse’ alkali ion test; the solutions were tested in a randomized 
rder. No notable dilution period was detected ( Fig. 4 (iv), Fig. S6). 
he SPRE sensitivity was −0.31 ± 0.15 mV/pCl, well within the 
ommon ± 5 mV error margin demonstrated by the commercial 
CE RE used in this work and markedly better than for previously 
eported SPREs, which had susceptibilities to [Cl −] between −2 and 
10 mV/pCl [ 34 , 41 ]. Although a higher KCl concentration and ad-
itional epoxy-based junction layer has been reported to reduce 
ensitivity to −0.3 ± 10 mV/pCl, that electrode was not stable in 
aturated solutions [28] . In this work, the constant electrolyte con- 
entration ensured by the working area and Ag/AgCl layer offset 
eservoir, combined with the overlying PDMS junction membrane, 
educe [Cl −] sensitivity of the SPRE and maintain potential stabil- 
ty, including up to solution saturation. 
The effect of K 2 SO 4 concentration in the range from 0.1 M to 
aturation ( ∼0.7 M) was also investigated ( Fig. 4 (v)); it is difficult 
o discern a concentration influence from the underlying dilution 
eriod, but susceptibility is within the expected range and there is 
o notable effect of K 2 SO 4 concentration on SPRE potential. This is 
onsistent with previous studies on SO 4 
2 − sensitivity [ 8 , 27 , 30 ]. 
.4. Electrochemical impedance 
Reference electrode impedance can have undesirable effects on 
he performance of electroanalytical systems such as measurement 
oise or potentiostat oscillation especially during high-frequency 7 r high-speed measurements [39] . Therefore, impedance magni- 
ude (| Z |, Ω ) at 106 Hz was used to evaluate these aspects of per-
ormance by indicating the initial rate of stabilization and ionic 
onductivity of the SPREs. All fresh electrodes demonstrated a sig- 
ificant decrease in | Z | to below 25 k Ω during an initial 3–11 h
ydration and stabilization period, at a rate of between −7.8 and 
83.7 k Ω /h depending on the initial impedance magnitude. In 
ombination with the results from Section 3.3.1 , this indicates that, 
lthough stabilization of the electrode’s ionic conductivity takes 
lightly longer than potential stabilization upon hydration, this has 
o appreciable effects on potential. In the redox test, the OCP 
oise discussed in Section 3.3.1 aligns with increased impedance 
pon increasing H 2 O 2 concentration and verifies that this behav- 
or relates to insulation of the junction surface by O 2 gases from 
 2 O 2 decomposition. The electrodes’ impedance after stabilization 
f ∼15 k Ω in most tests is satisfactorily low, indicating sufficient 
lectrode ionic conductivity to have negligible effect in electroana- 
ytical applications [39] . 
.5. Stability in real solutions 
The performance and lifetime of the SPREs in real-world an- 
lytes were investigated over a 30-day period through OCP mea- 
urement of three replicate 4P SPRE electrodes in three common 
olutions – coffee, tap water, and creek water. The results for the 
est performing electrode from each test are shown in Fig. 5 . 
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Table 2 
Summary of OCP responses for 4P SPREs in a selection of common solutions. All values are 
given as sample mean ( ̄x ) ± standard deviation ( σ ) for the 3 replicate electrodes tested in each 
solution. Lifetime represents the time before the potential drifts permanently above –40 mV. 
Test Solution Hydration Time (min) Working Potential (mV vs SCE) Lifetime (days) 
Tap Water 91.5 ± 98.9 −51.21 ± 5.86 16.39 ± 6.48 
Coffee 18.3 ± 15.3 −52.40 ± 7.27 18.95 ± 8.43 
Creek Water 13.3 ± 1.6 −51.74 ± 5.38 22.29 ± 2.17 
Fig. 5. Electrode potential response during OCP measurement for one 4P SPRE elec- 
trode in tap water (green), coffee (brown), and creek water (blue). The dotted red 
line indicates the theoretical Ag/AgCl/KCl RE potential of −45 mV vs. SCE. Gaps in 






























Fig. 6. pH calibration curves for a commercial glass pH electrode using a 4P SPRE 
electrode in buffer solutions measured in both ascending (blue, dash) and descend- 
ing (orange, dot) pH order. The error bars represent the standard deviation of each 
measurement calculated from the data collected over a 5 min period. 
Table 3 
pH measurements of 6 common solutions using a commercial pH probe with an 
internal reference and meter, as well as using an external SPRE with a potentiostat. 
Sample pH probe with internal RE pH probe using 4P SPRE 
Coffee 5.04 4.89 
Creek Water 7.28 7.53 
Milk 6.53 6.45 
Orange Juice 3.62 3.58 
Carbonated Tap Water 4.06 4.29 





















he electrodes were not conditioned prior to measurement and 
emonstrated average hydration times consistent with earlier find- 
ngs in this study of 13.3, 18.3 and 91 min in creek water, cof- 
ee, and tap water, respectively. Table 2 shows that the electrodes 
aintain lifetimes similar to those for the earlier lifetime testing in 
.1 M K 2 SO 4 ( Section 3.2 ) and that the working potential and vari-
tion are well within the working definition from Shitanda et al. 
27] of −45 ± 30 mV vs. SCE in each solution during their life- 
imes. 
It is notable that the average working potential for the elec- 
rodes in all three solutions was around 7 mV lower than the op- 
rating potential range demonstrated for 4P SPREs in Table 1 , and 
here was a corresponding increase in potential variation. These 
ifferences in potential may be due to sample variance and the 
ncreased complexity of the analyte solutions compared to labora- 
ory standards, and as such the failure point for electrodes in these 
ests was redefined to be once the potential had drifted perma- 
ently above −40 mV. It should also be noted that the potentials 
n these three analytes are similar to the electrode responses to the 
ore challenging interference species (such as in the acid/base and 
edox tests, Section 3.3 ). Sample variation, as well as differences 
n solution ion concentration and the presence of organic material 
n the solutions, may also explain the longer hydration times and 
horter lifetimes in tap water compared to coffee or creek water. 
The overall conclusion from these tests is that, in both labo- 
atory standards and solutions of unknown composition, the elec- 
rolyte and PDMS junction layers in the 4P SPREs allow the elec- 
rodes to maintain a sufficiently stable potential throughout their 
ecent working lifetime for practical and commercial applications 
nd thus the SPREs described in this work are suitable for electro- 
nalytical use outside of a laboratory environment. 8 .6. pH calibration 
To demonstrate their suitability for ISE applications, a 4P SPRE 
reconditioned in 0.1 M KCl was combined with a commercial 
lass pH indicator electrode. Variation in the mean glass pH elec- 
rode potential response in a series of buffers from pH 1–10 is 
hown in Fig. 6 . There was no significant hysteresis observed when 
he measurement was conducted in both the ascending (pH 1–
0) and descending (pH 10–1) directions, and negligible difference 
etween the resulting linear calibration curves. The average cali- 
ration curve was near-Nernstian with a slope of −58.28 mV/pH 
42] across the measured pH range, indicating suitable SPRE stabil- 
ty for reliable pH measurement. 
The average calibration curve was used to measure the pH of 
ix common solutions to compare against measurements from the 
ommercial pH probe with the internal RE, as shown in Table 3 . 
he results from both devices show good agreement, with the 
argest differences in pH being for the creek water (0.25) and car- 
onated tap water (0.23) samples; however, degassing in the pe- 
iod between measurements is a suspected major contributor to 
his discrepancy. Further work is required to determine the SPRE’s 
uitability for measuring pH in a full range of solutions and any 
onsiderations for long-term monitoring, such as biofouling, but 
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Fig. 7. Cyclic voltammograms for a 4P SPRE (solid blue line) and a commercial SCE 
(dashed black line) performed at 50 mV/s using a glassy carbon WE in a 2 mM 


















































































hese results demonstrate that the SPRE is at least well suited to 
ntermittent measurements in a variety of solutions. 
.7. Cyclic voltammetry 
The voltammetric performance of a 4P SPRE was investigated 
hrough a cyclic voltammogram using a glassy carbon WE (1 mm 
iameter) in a 2 mM [Ru(NH 3 ) 6 ]Cl 3 solution with a 0.1 M KNO 3 
upporting electrolyte. The performance of the SPRE was similar to 
 commercial SCE ( Fig. 7 ), with peaks shifted by exactly 45 mV due
o the potential difference between the SCE and Ag/AgCl systems, 
nd E p (the peak-to-peak separation potential) was 89.84 mV for 
oth electrodes. The SPRE peak current magnitudes were slightly 
ower than for the SCE (0.01 μA for reduction, 0.04 μA for oxida- 
ion). Although it is possible to use a pseudo-RE in many voltam- 
etric measurements, a standard SPRE may be preferred to main- 
ain reproducibility where the inability to calculate the potential of 
seudo-REs as well as their significant potential shifts render them 
nsuitable, especially for continuous monitoring in unknown or re- 
ote working environments where an internal standard cannot be 
sed to verify the pseudo-RE potential [ 15 , 43 ]. These results indi-
ate that the 4P SPRE may be suitable for voltammetric measure- 
ents, including in a printed multi-sensor device, although further 
ork is needed to establish their performance in a wider variety of 
nvironments. 
. Conclusion 
Screen-printed, flexible planar Ag/AgCl reference electrodes in- 
luding a PVAc/KCl electrolyte layer and PDMS junction membrane 
ere fabricated successfully at low curing temperatures. Electrode 
ailure was caused by loss of the KCl electrolyte, as confirmed by 
EM and EDS analysis. The balanced permeability and hydropho- 
icity of the additional PDMS junction membrane in combination 
ith the offset reservoir dramatically increased electrode lifetime 
nd stability by improving electrolyte retention, with the best per- 
orming electrodes demonstrating a lifetime of up to 27 days with 
ess than ± 3 mV potential variation and very low potential drift 
f 0.25 mV/day during this time. 
This best-performing electrode type was tested using OCP and 
mpedance in different interfering solutions. The electrode poten- 
ial was stable when exposed to SO 4 
2 −, I −, Br −, and F − anions, as
ell as Li + , Na + , and K + alkali cations. The SPRE potential was also
table across pH 4–10, with only a minor potential shift in extreme 9 onditions, i.e . highly acidic 10% H 2 SO 4 (–10 mV) and highly alka- 
ine 10% KOH ( + 5 mV). The potential was constant in the presence 
f reducing species, but oxidant by-products caused significant po- 
ential change. The [Cl −] susceptibility was −0.31 ± 0.15 mV/pCl, 
hich is low when compared with previous studies. 
Hydration times for fresh SPREs were less than 1 h in all test 
onditions and reached as low as 5 min in some solutions. This 
apid hydration was accompanied by a fast decrease in electro- 
hemical impedance to ∼ 15 k Ω . 
The developed SPREs indicated suitability for both potentiomet- 
ic and voltammetric applications, and could be integrated read- 
ly into a fully printed multi-sensor device. A near-Nernstian cali- 
ration curve was obtained in combination with a commercial pH 
robe, while sample measurements showed good agreement with 
 commercial pH meter. The electrode also performed similarly to 
 commercial SCE in cyclic voltammetry measurements. 
The short hydration time, long lifetime, negligible drift, and low 
ensitivity to interfering species demonstrate that the low-cost, 
exible SPREs developed in this study are highly suitable for inte- 
ration into a printed sensor platform for electroanalytical systems. 
he stability and lifetime of the electrodes in real solutions points 
owards on-site applications when combined with suitable ISE or 
oltammetric electrodes with similar stability. Disposable sensors 
ith a lifetime of several weeks without maintenance would en- 
ble non-laboratory personnel to conduct accurate analysis on-site. 
urther development is required to increase the lifetime of the 
lectrodes to make them more suitable for continuous online anal- 
sis. 
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